Abstract
Introduction

27
One fundamental problem concerning convergent plate boundary tectonics is the nature of the 28 interplay between deformation processes and magma transport (e.g. Hutton, 1988;  29 Vigneresse, 1999) . Networks of fractures (primarily extension fractures but also faults) and 30 contacts play a crucial role in creating efficient paths through which magma is transported, the KTJ (Fig. 1) . GPS data show that the eastern part of the Anatolian plate (the western part 139 of the KTJ) moves at a rate of ~20 mm/yr with respect to the Eurasian plate ( (Fig. 2a) . The most recent dyke-fed eruptive and effusive-type volcanism (1.96-2.67 Ma, based on K/Ar ages from Biggazi et al.
2). The volcanism produced partly mafic lavas, mostly of the alkaline and rarely sub-alkaline 
Magma-chamber geometry
189
In order to estimate the rough geometry and depth of the magma chamber feeding a We use a method based on the principles of fracture mechanics and fluid-dynamics to 202 constrain the depth of the magma chambers/reservoirs at Karlıova (e.g. Becerril et al., 2013).
203
All dykes in the area are dominantly trachy-basaltic in composition. Magma overpressure (p o ) 204 within a dyke during its formation can be estimated from the ratio of dyke strike dimension (L) and thickness (u I ). A total of 14 dyke measurements in the study area were used to estimate their depth of the source chamber/reservoir. The method is as follows. The opening 207 displacement of an elastic mode I (tensile mode) crack, such as a dyke, subject to internal 208 fluid or magma overpressure (driving pressure) p o is given by:
where L is the smaller of the strike and dip dimensions of the fracture, and E and v are 
218
where p e is the fluid excess pressure in the source magma chamber, ρ r is the average density 219 of the host rock, ρ m is the average density of the magma in the dyke, g is acceleration due to 220 gravity, h is the dip-dimension or height of the dyke, and σ d is the differential stress (the 221 difference between the vertical stress and the minimum principal horizontal stress) at the 222 depth in the crust where the dyke is measured or, for a feeder-dyke, the stress difference at 223 the surface where the volcanic fissure forms. From equations (1) and (2) the depth to the 224 intersection between the source magma chamber and the feeder dyke is:
Using Eq. (3), we calculated the depth to the source of the feeder-dykes exposed in 227 the three volcanic regions under consideration (Fig. 1) to the east.
259
Our models consider ellipsoidal magma chambers/reservoirs. While these are, in 
Results
316
In order to characterise the propagation path of dykes in the shallow crust at the KTJ 317 it is first necessary to consider the stress required for magma chamber rupture. In the simplest 318 terms, a magma chamber will rupture and inject a dyke or an inclined sheet when
319
(Gudmundsson, 1990, 2011):
where p l is lithostatic pressure and p e is the excess pressure in the magma chamber, σ 3 is 322 minimum principal compressive stress in the host rock, and T o is the tensile strength of the stresses occur where the fault zone narrows (Fig. 4c) . In the N-S profile, two shallow dipping 342 faults concentrate both shear and tensile stress between the margins of the deep and shallow 343 chambers, indicating that magma transfer between the two systems in this location is likely 344 (Figs. 4a, b) . Stress also concentrates at depth along the EAF in the E-W profile (Figs. 4c, d ).
It should be noted that we did test excess magmatic pressure of 15 MPa (and 10 MPa 
Regional tectonic stresses
355
In the second set of 2-D models the focus is on the effect of regional stresses induced (Figs. 5e-h ), we note that shear stress concentrates at the surface during regional compression 362 but dissipates during imposed regional extension in both strike directions (Figs. 5a, e) . The 363 N-S striking profile is dominated by a series of high angle faults (Fig. 5a ) that during regional 364 compression (Figs. 5a-d) suppress much of the shear stress surrounding the deeper chamber 365 (Figs. 4b, 5d) . The effect is similar during regional extension; however, the steepest central 366 fault concentrates substantial shear stress directly above the central part of the deep chamber.
367
Our models also show that caldera-related ring faults increase the maximum tensile stresses which suggests that the chamber walls tend to rupture and dykes become injected at these 386 locations (Figs. 5a-b) .
387
In Figs. 7, 8 and 9 , we model the loading effects of strike-slip faulting, using 388 compressional load of 5 MPa on either side of the N-S-striking plane (Fig. 7) . Such a regime 389 cannot be represented fully in a two-dimensional model. As in previous models we show the 390 magnitudes of tensile and shear stresses, although now in two directions (Figs. 7-9 ). We note 391 stress concentrations and linkage between the deeper chamber and the shallow chamber 392 directly above (Varto) (Fig. 7) . Surface stresses are dominated by the larger reservoir, and no stress interaction occurs with either chamber or the shallow chamber to the west (Figs. 7b, d ).
394
There are tensile stress concentrations around, and particularly above and in-between, the 395 chambers and reservoirs of Varto and Özenç (Fig. 7c) . This stress concentration between the 396 chamber and the reservoir may promote rupture at the upper margin (the roof) of the reservoir 397 and encourage dyke propagation from the reservoir to the shallow chamber. Furthermore, 398 from the shallow chamber there is a zone of tensile stress concentration all the way to the 399 surface (Fig. 7a) , suggesting that the local stress field encourages dyke propagation from the 400 chamber to the surface. While these models only show the stress magnitudes, we also 401 analysed the stress trajectories (the directions of the principal stresses) and these agree with 402 the suggested dyke paths.
403
We also made a set of three-dimensional models to explore the effect of N-S and E-W (Figs. 5a, e) , the precise direction of the dyke propagation path will depend on 415 local stresses related to crustal heterogeneity and anisotropy (layering). However, the (Fig. 9c) . In Fig. 10 we simulate a N-S 424 compressional regime which has the effect of increasing the symmetry of local stresses, and (Fig. 4) , as well as strike-slip regimes.
The numerical results presented demonstrate that the initiation of a dyke is influenced 443 by the geometries and depths of magma chambers as well as the local stresses in the 444 heterogeneous, anisotropic, and faulted crust. The overall process of dyke initiation and 445 propagation may be affected by at least three distinct factors, namely (i) the geometry and 446 attitude of the associated faults; (ii) the heterogeneity and anisotropy of the crust; and (iii) 447 stress concentrations around, and stress (mechanical) interactions between, magma chambers.
448
Here we discuss our numerical analysis of two different tectonic regimes, namely inversion (Fig. 4) . The shallower and the deeper magma chambers or reservoirs (Fig. 4a) . Our numerical results
463
show that layering affects local stresses and many aspects of fault-dyke path interactions 464 (Figs. 4c, d ). For all loadings considered (compression, extension, and shear), tensile and shear stresses concentrate around, and particularly at the margins of the deep magma chambers (Fig. 4) .
467
While the 4 km wide EAF is one of the most remarkable structural elements along the 468 E-W profile (Fig. 4c) , the conditions for dyke propagation through and along a fault are only 469 observed at the much smaller VFZ primarily due to the faults orientation and position.
470
However, we note some minor stress accumulation in the EAF (Figs. 4c, d ). Tensile stress propagation which is strongly influenced by faults and other crustal heterogeneities and 475 layering (Fig. 4) . (Figs. 5e, g ).
482
Deep and shallow magma chamber interactions may result in magmatism that becomes partly 483 channelised through the EAF, thereby encouraging volcanic eruptions in the Varto region.
484
Our results demonstrate that fault zones may facilitate magma transport during different 485 tectonic loadings. The effects of these faults on potential magma paths is more prominent for 486 compressional (Figs. 5g, h ) than extensional loading (Figs. 5e, f) .
487
While tensile and shear stresses concentrate mostly at the margins of the shallow 488 magma chambers, shear stresses concentrate also above the central parts of the deeper chambers/reservoirs (Fig. 5h) , as well as at caldera ring-faults (e.g. Annen and Sparks, 2002; interact in an intensely fragmented and mechanically layered crust (e.g. Spence et al. 1987; 492 Tibaldi et al., 2008), in particular through the cross faults of the VFZ (Figs. 5b, d) . The 493 vertical stress patterns between the two magma chambers observed in the N-S profile support 494 the view that fault zones can act as magmatic paths (Fig. 5d ). Even during a N-S 495 compressional phase the results suggest that dykes may be injected, resulting in possible dyke 496 injection from the deeper source to the shallow magma chamber (Fig. 5d) . In the case of N-S 497 extension (Fig. 6) , the youngest fault, which is a normal fault as shown in Fig. 2a , plays a 498 crucial role for shear stress concentration (Figs. 5a-d and Fig. 6 ). We show that the 499 interaction between these fault systems, of various ages, encourages dyke injection from the 500 central part of a deeper magma reservoir, and therefore acts as a potential vertical dyke path 501 (Fig. 5b) . probably continued up to the latest eruptions, based on our numerical results (Fig. 5) . Recent 517 block rotations around the KTJ based on GPS data (Fig. 1) indicate an intense crustal 518 deformation via successive extensional and shear loading (e.g., Le Corvec et al., 2013; 2015) .
519
Long-lived volcanic activity is possible at Varto caldera and in the KTJ in general.
520
Zones of tensile stress concentration indicate potential magma propagation paths from 521 the shallow magma chambers to the surface of Turnadağ volcano (Fig. 5e ). Magma transfer 522 under E-W-oriented compression is unlikely (Figs. 5g, h ). Dyke-fed eruptions at Turnadağ 523 volcano are most likely when the magma chamber feeding the volcano is subject to an E-W-524 directed extension (Fig. 5e ). On account of the westward extrusion of the Anatolian plate 525 since 12 Ma, an E-W-directed tectonic regime seems most favourable for eruptions in the
526
Turnadağ volcano (Figs. 1, 5e ).
527
In the Özenç volcanic area our numerical models suggest that volcanic activity is 528 more likely under E-W-directed extension than N-S-directed extension, and may occur under 529 E-W-directed compression as well. We indicate that some, perhaps most, of the feeder dykes 530 may have originated from the deeper magma chamber (Figs. 5c, d ). In particular, 3-D 531 modelling results suggest that the deeper magma chamber largely controls the local stress 532 field and, thereby, dyke propagation and resultant eruptions (Figs. 7, 8, 9 ). 
